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Nonradiative Recombination Incorporated Detailed Balance Model
To analyze the influence of trap-assisted nonradiative recombination on the efficiency limit of CH3NH3PbI3 solar cells, the detailed balance model should be modified as
where V is the applied voltage of the solar cell system. p J is the photocurrent (photogenerated current) due to absorption of incident sunlight. e J and t J describe current density losses due to the radiative emission and trap-assisted nonradiative recombination, respectively. For perovskite solar cells, the dominant nonradiative recombination process is the monomolecular (or Shockley-Read-Hall) recombination.
Therefore, the nonradiative current can be expressed as
where  is the monomolecular (recombination) rate, i n is the intrinsic carrier density, and W is the cell thickness. q is the elementary charge, B k is the Boltzmann constant, and T is the kelvin temperature. 
